We identify and phase a sample of 81 Cepheids in the maser-host galaxy NGC 4258 using the Large Binocular Telescope (LBT), and obtain calibrated mean magnitudes in up to 4 filters for a subset of 43 Cepheids using archival HST data. We employ 3 models to study the systematic effects of extinction, the assumed extinction law, and metallicity on the Cepheid distance to NGC 4258. We find a correction to the Cepheid colors consistent with a grayer extinction law in NGC 4258 compared to the Milky Way (R V = 4.9 +0.9 −0.7 ), although we believe this is indicative of other systematic effects. If we combine our Cepheid sample with previously known Cepheids, we find a significant metallicity adjustment to the distance modulus of γ 1 = −0.60 ± 0.21 mag/dex, for the Zaritsky et al. (1994) metallicity scale, as well as a weak trend of Cepheid colors with metallicity. Conclusions about the absolute effect of metallicity on Cepheid mean magnitudes appear to be limited by the available data on the metallicity gradient in NGC 4258, but our Cepheid data require at least some metallicity adjustment to make the Cepheid distance consistent with independent distances to the LMC and NGC 4258. From our ensemble of models and the geometric maser distance of NGC 4258 (µ N 4258 = 29.40 ± 0.06 mag), we estimate µ LM C =18.57 ± 0.14 mag (51.82 ± 3.23 kpc).
INTRODUCTION
Cepheid variables remain important for cosmological studies because they anchor the local cosmological distance scale (see the review by Freedman & Madore 2010) . Recent measurements of the Hubble constant H0 from Cepheids (Riess et al. 2011 , Freedman et al. 2012 , Efstathiou 2014 are in moderate tension with determinations from from the cosmic microwave background (Planck Collaboration et al. 2013 ) and baryon acoustic oscillations (Anderson et al. 2014) . If these discrepancies are confirmed at higher significance, they could be evidence of 'new Physics,' for example, an additional relativistic species in the early Universe. However, before such claims can be made, it is critical to have a better understanding of systematic uncertainties in the local distance scale. These uncertainties include calibration of the Cepheid period-luminosity (PL) relation, and any dependence of the mean magnitudes and colors on extinction, metallicity, and blending.
Determining the absolute zero point of the PL relation requires either a sample of Galactic Cepheids at known distances, or (at least) one independently determined distance to an external galaxy. The Large Magellanic Cloud (LMC), as the closest galaxy to the Milky Way, has traditionally served as the calibrating galaxy (Freedman et al. 2012) . Several independent distances to the LMC exist, such as those derived from eclipsing binaries (Bonanos et al. 2011 , Pietrzyński et al. 2013 or red-clump stars (Subramanian & Subramaniam 2013) . However, uncertainties in the distance to the LMC continue to be a significant source of systematic error for the Cepheid distance scale. Recently, an alternative calibrating galaxy has been provided by NGC 4258. A precise geometric distance to this galaxy (3%) has been determined by Humphreys et al. (2013) based on the kinematics of water masers near the galaxy's nucleus. Such a high precision measurement makes NGC 4258 a good candidate for calibrating the Cepheid PL relation. If NGC 4258 is to serve as the calibrating galaxy, it is extremely important to understand the systematic effects influencing the PL relation and Cepheid mean magnitudes in this galaxy. Moreover, if the independent distances to the LMC and NGC 4258 are correct, they provide a powerful check on systematic effects in the Cepheid distance scale.
For Cepheids, the standard approach for treating extinction is to obtain two-band photometry, from which it is trivial to estimate an extinction correction given a known extinction law (the so-called "Wesenheit" indices). Recent work has focused on expanding observations of Cepheids to the near and mid-infrared (IR), where the effects of extinction are significantly smaller than in the optical. However, it is usually assumed that the form of the extinction law follows the Cardelli, Clayton, & Mathis (1989) parameterization, with the ratio of total to selective extinction RV = AV /E(B − V ) chosen to be either 3.1 or 3.3 (e.g., Macri et al. 2006 , Shappee & Stanek 2011 , Gerke et al. 2011 , Riess et al. 2011 , and Freedman et al. 2012 ). While RV = 3.1 is a reasonable average for sight lines within our own galaxy, it is also known that the extinction law varies between sight lines and galaxies, presumably due to variations in the physical properties of the dust grains (Cardelli et al. 1989) . Most Cepheid studies approach this problem by simply adding a small contribution (≤ 1%) to the systematic error budget for the uncertainty in RV (e.g., Riess et al. 2009 and Shappee & , although a few studies measure RV directly or explore its effects on the distance modulus. For example, Pejcha & Kochanek (2012) were able to measure the mean extinction law for a large sample of Cepheids drawn from the Galaxy, LMC, and Small Magellanic Cloud, and they found RV = 3.127, in good agreement with the canonical value. Nevertheless, even in the near and mid-IR, the extinction law exhibits variations of shape along different sight lines (Flaherty et al. 2007 , Nishiyama et al. 2009 ), and it is an open question whether RV = 3.1 is a reasonable estimate of this parameter for all galaxies.
Metallicity is also expected to have an important effect on Cepheid mean magnitudes and colors (e.g., Romaniello et al. 2008 , Bono et al. 2010 , Freedman & Madore 2011 . Studies to date depend on galaxies with significant metallicity gradients, for example M101 (Kennicutt et al. 1998 and Shappee & or M81 (Gerke et al. 2011) , but the gradients (and hence the impact of metallicity on Cepheid distances) depend sensitively on the method used to measure the metallicity of HII regions in the host galaxy (e.g., Bresolin 2011ab). Previous empirical measurements of the metallicity effect on distances have ranged from non-detections to −0.89 mag/dex, with typical values of about −0.27 mag/dex. The general consensus is that metal-rich Cepheids are brighter and redder than their metal-poor counterparts (Gould 1994 , Kochanek 1997 , Kennicutt et al. 1998 , Macri et al. 2006 , Shappee & Stanek 2011 , Gerke et al. 2011 , Mager et al. 2013 . Furthermore, stellar pulsation models indicate that the metallicity dependence varies across pass bands, and may not be a monotonic function of wavelength (Bono et al. 2008 , Bono et al. 2010 . Improvements in our understanding of the metallicity effect require data to be gathered in a wide range of photometric bands, as well as obtaining better estimates of Cepheid metallicities or their proxies.
Finally, Cepheid mean magnitudes may be biased due to blending (Stanek & Udalski 1999 , Mochejska et al. 2000 , Macri et al. 2001 , Chavez et al. 2012 . As massive stars, a sizable fraction of Cepheids are expected to have nearby unresolved companions, which will bias the Cepheid mean magnitudes, reduce their apparent amplitudes, and (typically) make them appear bluer. The effects of blending have been estimated by injecting artificial stars into the PSF of known Cepheids, and looking for changes in the recovered photometry (e.g., Riess et al. 2009 , Riess et al. 2011 ). However, no study has systematically determined the magnitude of this effect, particularly as a function of distance, and existing corrections do not take into account the strong clustering of massive stars (Harris & Zaritsky 1999) .
In this study, we redetermine the Cepheid distance to NGC 4258 and examine the effects of extinction, the assumed extinction law, and metallicity on the measured distance. The last independent selection of a Cepheid sample in NGC 4258 was by Macri et al. (2006, hereafter M06) . Their large Cepheid sample (89 Cepheids were used in the final fit) was identified with the Hubble Space Telescope (HST) in two fields at different galactocentric radii -an "inner" field at 6.3 kpc and "outer" field at 17.1 kpc. They found a distance modulus of 10.71 ± 0.04stat ± 0.05sys for the inner field and 10.87 ± 0.05stat ± 0.05sys for the outer field. Based on the metallicity gradient determined by Zaritsky et al. (1994, hereafter Z94) , they interpreted this difference as a metallicity effect, with a correction to the distance modulus of −0.29 ± 0.09stat ± 0.05sys mag/dex.
Here, we identify a new Cepheid sample in NGC 4258, drawn from a wide range of galactocentric radii and azimuthal angles using the Large Binocular Telescope (LBT), and calibrate the Cepheid mean magnitudes in four bands using HST. In §2 we describe our observations, period search, and criteria for identifying Cepheids. In §3 we explain our procedure for calibrating the Cepheid mean magnitudes from HST observations. In §4 we describe three models for the distance to NGC 4258, in which we sequentially explore the effects of extinction, the assumed extinction law, and metallicity on the estimated distance modulus. In §5, we present our results and compare them to previous studies. Finally, in §6, we review the systematic effects associated with this study, and provide a calibration of the absolute PL relations.
OBSERVATIONS AND DATA REDUCTION
NGC 4258 was observed on 32 nights between March of 2008 and June of 2013 with the Large Binocular Cameras (LBC, Giallongo et al. 2008 ) on the LBT (Hill et al. 2010) , as part of an observational search for failed supernovae (Gerke et al. 2014) . Each camera has an approximate field of view of 23 x23 , easily framing the entire disk of NGC 4258. The LBC consists of 2 cameras, one for each primary mirror, with LBC/Blue optimized for wavelengths of 320-500 nm, and LBC/Red for wavelengths of 500-1000 nm. Four to nine exposures were obtained each night, each of 200 seconds. The blue-side observations cycled through the U BV filters, while the red side only used the R band. Images were over-scan corrected, bias subtracted, and flat fielded using the IRAF MSCRED package. The nightly exposures were then averaged into a single image, or averaged into 2 images if more than 8 exposures were available. These procedures yielded 32-35 images in each of the Johnson/Cousins U BV R bands. After excluding images where the full width at half the maximum (FWHM) of the point spread function (PSF) exceeded 1. 6, we were left with 20-26 images per filter.
Following Gerke et al. (2011, hereafter G11) , we searched for variable sources using the ISIS image subtraction package (Alard & Lupton 1998) . We first built a reference image from the 4-5 images with the best seeing and lowest sky levels in all filters. All images were then registered and aligned to the frame of the R band reference image. The reference image was scaled and convolved with a spatially variable kernel to match the PSF for each epoch, and then subtracted to leave only sources with variable flux. We next constructed a "variability" image, equal to the root-mean-square (rms) of the subtracted images, and identified variable sources using Sextractor (Bertin & Arnouts 1996) . This procedure yielded approximately 2000 variable sources in each band. We extracted lightcurves for these sources using ISIS's photometry package.
Period search
In order to identify Cepheid variables, we adopted the Cepheid lightcurve templates constructed by Pejcha & Kochanek (2012) , and employed a brute force fitting routine. These templates have the virtues of being physically motivated and derived from a large data set-177,314 data points from 287 Cepheids in 29 different bands. The templates parameterize a Cepheid lightcurve as variation in the star's temperature and radius. The time dependence is modeled by a 20-term Fourier series, and the flux in a given filter is calculated directly from the physical parameters. We used the resulting templates 1 TF (φ) for filter F at phase φ, each with self-consistently scaled amplitudes for fundamental mode Cepheids with periods P between 10 and 100 days. We restricted our Cepheid sample to the same range of periods, fitting the lightcurves to the templates by phasing the data to 415 different periods between 10 and 100 days. The phase at an epoch ti
is determined by the period P and a reference time t0. The periods were chosen so that the phase shift between sequential periods over the span of the data (∆t = 1919.8 days, about 5 years) was
The value of 0.4 radians (6% of a full cycle) was empirically tested by applying the method to the known Cepheids in M81 from G11. For each LBT B, V , and R band lightcurve, we converted the differential counts and their uncertainties to fiducial magnitudes arbitrarily centered at 13.5 mag (the calibration of the mean magnitudes is discussed in §3), and fit the observed lightcurves to the templates by minimizing
wherem and A are the mean magnitude and the amplitude of the Cepheid model, and σi is is the uncertainty in the measurement. We made no attempt to match lightcurves in the three different bands until after the period search, so as to impose an additional check on our procedure. Using an implementation of the Levenberg-Marquardt χ 2 -minimization algorithm (MPFIT, Markwardt 2009), we allowedm, A, and t0 to freely vary and calculated the minimum χ 2 for our grid of periods. We then sampled an additional 100 periods spanning the interval around the best-fit period. The period with the over-all minimum value of χ 2 was taken as an initial estimate. This approach has the advantage over periodograms of using the period-dependent shape of the lightcurve to help break period degeneracies (aliases).
To eliminate variables that are not Cepheids, we first compared each source's goodness of fit as a Cepheid, χ 2 C , to that for a linear trend, χ 2 lin , using the F-test. The F statistic is defined as
and we eliminated all light curves with F < 2.5 from our sample. This left us with 156 lightcurves to examine by eye, both for the quality of the fits and for any obvious problems in the subtracted images. After verifying that the lightcurves followed the typical saw-tooth pattern characteristic of longer-period Cepheid variables, and that all objects had clean subtractions, we matched lightcurves extracted from different filters by spatial coordinates. This allows us to check the recovered periods of unique Cepheids in different filters. Our procedure yielded 81 unique Cepheids, forty of which were matched in two or more filters. We found the periods from different filters to be in excellent agreement -the average difference in period was 0.005 days. Coordinates and periods of the Cepheids are reported in Tables 1 and 2 . An additional complication arose from the systematic underestimation of lightcurve uncertainties by ISIS. This underestimation does not affect the F-test because the F-test only compares the relative ability of two models to describe a given data set. However, for our determination of the mean magnitudes ( §3), it is useful to adjust the formal errorbars so that they are consistent with the observed scatter. The retained lightcurves typically had formal χ 2 C /dof values of 1.2 − 9.7, with a median value of 4.0. Three of the brightest Cepheids had χ 2 C /dof greater than 10.0, with the maximum being 22.1, due to the small fractional uncertainty estimates of ISIS. In all cases, we broadened the photometric uncertainties so that χ 2 C /dof = 1 for each individual lightcurve.
HST CALIBRATION
We next calibrated the Cepheids by measuringm from higherresolution HST data. NGC 4258 was observed as part of the Supernovae and H0 for the Equation of State (SH0ES) project (Riess et al. 2009 ). There were 17 observations of NGC 4258 between December of 2009 and May of 2010 using the Advanced Camera for Surveys (ACS) and Wide Field Camera 3 (WFC3) in the F435W, F555W, F814W, and F160W filters. These filters roughly correspond to the Johnson/Cousins BV IH bands, and the observations spanned most of the galaxy's disk. PSF photometry was performed on the images, with fluxes calculated in the HST VEGAMAG system. A full description of the data reduction and PSF photometry procedures can be found in Riess et al. (2009) and Riess et al. (2011) .
The LBT Cepheid candidates were matched with HST sources by calculating the mean offsets of the brightest stars in the HST F555W images from the LBT V band images, and shifting all LBT sources by this amount. Any HST source within 0. 23 (∼ 1 LBC pixel) was selected as a potential match. All matches were verified by eye, and sources that lacked clean, isolated matches were cut from our sample. In practice, the mean shifts were less than 0. 05. A few sources were cut due to crowded/confused matches, but roughly a quarter of our sample did not match any bright HST sources. It is likely that these sources lacked sufficient contrast with the galaxy's surface brightness to be identified in the HST images, even though we detected them in the subtracted LBT images. While HST provides less crowded direct images, the LBT variability image is even less crowded, allowing the robust identification of variables even in very dense stellar fields. An additional check was made on the photometric sharpness of each source. Anomalously high or low sharpness measurements indicate blends, extended sources, or image processing artifacts (cosmic rays, etc.). All sources met our sharpness criterion of −1 ≤ S ≤ 1.
Of our 81 Cepheid candidates, 16 were outside of the HST footprint. Of the remaining 65, we found 49 unambiguous matches in the HST fields. Through this point, each Cepheid had some mixture of B, V , and R band LBT lightcurves. However, we required B and V band LBT lightcurves for our calibration procedure. If either lightcurve was missing from the LBT data, we forced ISIS to extract photometry at the position of the source in the subtracted LBT images for the missing filter, and visually inspected the phased lightcurves. This step was necessary for 20 sources, which were primarily missing B band lightcurves. Six sources were rejected because the newly extracted lightcurves were poorly phased, bringing our sample to 43 Cepheids. We then re-scaled the lightcurve uncertainties as described above.
We next attempted to identify these sources in the HST F160W filter images. Sources in the BV I images do not always have obvious near IR counterparts (Riess et al. 2011) , and the footprint of the F160W band is not identical to that of the optical data. We extracted F160W band photometry for the expected position of the Cepheids based on their F555W band positions. Of our HST-matched sample, 11 Cepheids were outside of the HST F160W band coverage of NGC 4258. For 8 other Cepheids, the F160W band measurements were unreliable, with uncertainties > 1.0 magnitudes. Our final HST-calibrated sample consists of 43 Cepheids, 24 of which have usable BV IH photometry, 17 have BV I photometry, and 2 Cepheids only have V I photometry.
Calibration
We do not want to simply use the HST magnitudes as a random phase estimate ofm. Rather, we use the LBT data and the templates to determine the phases and amplitudes of the Cepheids at each epoch of the HST observations, following G11. At the time of the HST observation, the template magnitude in a filter F is given by
With knowledge of the amplitude and the phase, we can determine the mean magnitudemF by fitting mF to the observed HST data. The phase difference φHST − φ0 = (tHST − t0)/P is defined by the phase φ0 at the time of the first LBT observation t0, as compared to the time of the HST observation tHST . Since the epochs of the LBT and HST data overlap, there is little ambiguity about the relative phasing. To accurately determine AF and φ0, we model the LBT differential lightcurves by recasting the flux of the template lightcurves in terms of differential counts
where ∆CF i is the differential counts measured by the LBT in filter F at phase φi − φ0, C0F is the (unknown) counts of the Cepheid in the LBT reference image of filter F , and ZF is the photometric zeropoint of the LBT reference image. We determined all of the parameters by optimizing
where i runs over the LBT observations and j runs over the HST observations. The problem is to simultaneously fit formF , AF , C0F , and φ0. Given the non-linear nature of this task, we performed the calculation using Markov Chain Monte Carlo methods, and estimated the parameter uncertainties from the marginal distributions. We simultaneously fit the B and V band LBT lightcurves and all available HST F435W and F555W observations. Given the amplitude estimated from the data for the V and B bands, the Pejcha & Kochanek (2012) templates determine the amplitudes and phases for all other wavelengths, allowing us to determinem for the F814W and F160W bands as well.
The photometric zeropoints ZF of the LBT reference images were calculated in four steps. First, we found instrumental magnitudes in the reference image using DAOPHOT. Next, we matched the brightest stars in the reference image to SDSS DR7 (Abazajian et al. 2009 ). We then solved for the zeropoints ZF that placed our instrumental magnitudes on the Johnson U BV system, following the transformations given by Fukugita et al. (1996) . In all, about 60 stars were used to calculate the zeropoints. Finally, the zeropoints were shifted to the HST VEGAMAG system, following the zeropoint offsets provided by Sirianni et al. (2005) . Because we must solve for C0, the LBT zeropoints do not directly affect the magnitude calibration. They do so indirectly through a correlation with the amplitude A, but even large changes in the zeropoint ZF have little effect on the estimates of the mean magnitudesm (see G11). Moreover, we usually have 2-3 HST calibrating points at differing phases, which helps to constrain the amplitudes and minimizes this problem.
After fitting for the mean magnitudes, we visually checked the calibrated lightcurves and the posterior distributions of their parameters to ensure that the fits had converged and that the parameter space was well-sampled. Because the Cepheids have been calibrated to the HST VEGAMAG system, we then converted their mean magnitudes to the Johnson/Cousins BV I system, again following the prescription of Sirianni et al. (2005) . These authors determined empirical conversions for HST VEGAMAG/Johnson U BV using a zeropoint correction and a single color term. Coefficients for the zeropoint and color term were taken from their Table 18 . As already noted, the F160W filter is similar to H band, and we leave these measurements in the native HST filter/detector photometric system. Table 1 gives the calibrated mean magnitudes of the Cepheids, and Figure 1 provides examples of calibrated B and V band LBT lightcurves.
Comparison to previous studies
M06 identified a large sample of generally shorter period Cepheids in NGC 4258. Figure 2 compares the raw PL relations for the two samples, with no corrections for extinction. Our Cepheids are systematically brighter at fixed period, with average shifts of −0.155 ± 0.011, −0.13 ± 0.007, and −0.061 ± 0.010 in the B, V , and I bands. However, our sample is drawn from a much larger extent of the galaxy's disk, and we might reasonably expect a smaller mean value of extinction. To test this hypothesis, we selected the subset of our Cepheid sample interior to the outer edge of M06 inner field, and we found smaller offsets of −0.099 ± 0.02, −0.003 ± 0.014, and −0.050 ± 0.017 in the B, V , and I bands respectively. The dispersions of both samples (the LBT Cepheids and all M06 Cepheids) around their PL relations are almost identical at 0.36, 0.30, and 0.23 mag for the B, V , and I bands.
We can also compare individual Cepheids between samples. We matched seven Cepheids from the M06 sample in the LBT sample, and compared the periods and mean magnitudes. The limited overlap comes from the difference in period ranges (see Figure 2) . As an experiment, we examined the positions of the M06 Cepheids in our rms image by eye. We found two additional Cepheids that matched sources for which we had extracted lightcurves. One Cepheid was not identified because it had a period of 8.96 days, and was therefore excluded from our period search. The other M06 Cepheid had a period of 32.25 days and was identified in the LBT R band with F = 3.59 and a period of 32.85 days. However, it was cut during our visual inspection step because of a particularly small amplitude (0.02 mag) compared to its scatter. The original HST light curve from M06 has an amplitude of 1.2 mag, suggesting that the image subtractions and extracted photometry for this source are particularly noisy. Table 3 summarizes the differences in period and mean magnitudes for the seven matches. The agreement of the periods is good, with typical differences of a few tenths of a day. The M06 observations spanned ∆t = 45 days, so we would not expect periods more accurate than δP = 0.4P 2 /∆t ∼ 0.9(P/10 days) 2 days. The average absolute shift is 0.58 days. Two Cepheids had ∆P > 1 days, and these were the two with the longest periods (26.99 and 36.95 days). Our mean magnitudes tend to be fainter than those of M06, although the average differences are comparable to their dispersion. Two Cepheids had differences in two or more filters greater than 0.20 magnitudes. Cepheid 39 is near the galaxy's center, while Cepheid 31 is one of our faintest Cepheids. Figure 3 displays the LBT lightcurves of these Cepheids, overlaid with the M06 lightcurves shifted to a common phase. For comparison, the Cepheid with the smallest difference in mean magnitudes (Cepheid 40) is also shown. The HST calibration points are clearly offset from the M06 lightcurves for Cepheid 39, and there is some suggestion of the same effect in the V band for Cepheid 31. The mean magnitudes from M06 were calculated by numerically integrating the Stetson (1996) Cepheid lightcurve templates to find the phase-weighted mean magnitude, which may result in small offsets from the mean magnitudes determined in our fitting procedure. If we exclude these 2 Cepheids, the average differences between the mean magnitudes drop to −0.02±0.08, −0.05±0.04, and −0.08 ± 0.07 mag in B, V , and I.
DISTANCE FITTING PROCEDURE AND PL RELATIONS
We model the mean magnitude of Cepheid i in filter F as
where LF (Pi) = aF + bF log Pi is the LMC PL relation, Ei(B − V ) is the unique reddening for each Cepheid, RF = AiF /Ei(B−V ) is determined by the extinction law, Zi−ZLMC is the metallicity of the Cepheid relative to the LMC, γ is the metallicity correction (the structure of γ is discussed in §5.2), and ∆µLMC is the distance modulus between NGC 4258 and the LMC. Our strategy is to solve for the Ei(B − V ), γ, and ∆µLMC by minimizing the function
We fit all the mean magnitude data simultaneously. However, only ∼ 50% of our sample has complete 4-band photometry. Missing measurements for any filter were assigned a mean magnitude corresponding to the Cepheid lying on the relevant PL relation at the M06 distance modulus. An uncertainty of σF i = 10 6 mag was assigned to this value so that it makes no contribution to the likelihood while simplifying the 'bookkeeping' of the fit. When we account for the number of degrees of freedom in the model, we do not include these dummy measurements, nor do we incorporate them in our calculation of the covariances between residuals in different filters. In addition to comparing the results of the LBT Cepheid sample to those of M06, we combine both data sets, fitting all 122 Cepheids simultaneously.
The standard error on one parameter is the point where ∆χ 2 = 1. However, the PL relations have intrinsic scatter due to the finite width of the instability strip, which our model must account for. While intrinsic scatter can bias parameter estimates (Weiner et al. 2006 , Kelly 2007 , the effect, by definition, decreases with sample size. Since we are primarily concerned with estimating ∆µ and γ, our sample size is reasonably large, and the intrinsic scatter is of minimal interest, we treat this problem by simply rescaling the mean magnitude uncertainties so that χ 2 /dof = 1. The rescaling factor propagates directly to the parameter uncertainties, and ensures that the fits are consistent with the scatter. To make sure that this method does not mask any other systematic effects, we check these estimates by bootstrap resampling the Cepheids over 10 4 trials, and reporting the median and the symmetric 68% confidence intervals of the distribution. In practice, we found that the bootstrapping uncertainty estimates are consistent with estimates based on ∆χ 2 . We take PL relations from three sources. First, the Optical Gravitational Lensing Experiment (OGLE) has been monitoring the LMC for over 20 years and has published several iterations of LMC PL relations. OGLE II published PL relations in BVI . Table 4 summarizes these PL relations. All PL relations have been extinction corrected, and while the various models are nearly consistent, there is some tension. In particular, the I band PL relations from OGLE II and Ngeow et al. (2009) are discrepant at the 3σ level, which Ngeow et al. (2009) attributed to different treatments of extinction. To characterize the dependence of our results on the PL relations, we tested various combinations of these models.
A complication for our choice of near-IR PL relations is that the HST F160W filter/detector combination has an effective wavelength of ∼ 1.5µm, slightly offset from that of H band at ∼ 1.6µm. Table 4 includes this modification to the near-IR PL relations.
We adopt a Cardelli et al. (1989) extinction law to set the ratio of total to selective extinction in each band, RF = AF /E(B −V ). For our first estimate, we adopt the "standard" model of RV = 3.1. This sets the reddening vector RF = (4.11, 3.10, 1.85, 0.64) for B, V , I, and F160W, respectively. However, it is not necessary to fix RV to a specific value because we have 4 band photometry, and we explore how changing this parameter affects our distance modulus by varying it on a grid from RV = 2.5 to 6.5. For each value of RV , we calculate the extinction vector RF from the Cardelli et al.
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We employ the updated coefficients, which can be found at ftp://sirius.astrouw.edu.pl/ogle/ogle2/varstars/ lmc/cep/catalog/README.PL The Cepheid distance to NGC 4258 7 (1989) extinction law and refit the data, using the over-all minimum value of χ 2 as an estimate of the best fit.
Metallicity dependence
For studying the effects of metallicity on Cepheids, we only need accurate differential metallicities -the absolute metallicities are unimportant. In the context of the present study, the relative mean metallicity of LMC Cepheids and our sample impacts the determined distance modulus, while the variation of metallicities within our sample determines the metallicity dependence of the Cepheid mean magnitudes. As given in Equation 8, the generic form of the metallicity correction is γ(Zi − ZLMC ) where Zi is the estimated metallicity of the NGC 4258 Cepheid i and ZLMC is the reference metallicity of the LMC. For the Cepheids in NGC 4258, we estimate their metallicity based on a linear fit to HII region abundances with radius, combined with the radial position of the Cepheid. The deprojected galactocentric radius ρ = x 2 + y 2 1/2 of a Cepheid is given by
where δ and α are the Declination and Right Ascension of a given Cepheid, and δ0 = 47
• 18 14. 30 and α0 = 12 h 18 m 57.50 s are the Declination and Right Ascension of the center of NGC 4258. We adopted a position angle φ = 150
• , an inclination angle i = 72
• , and an isophotal radius ρ0 = 7. 92 (van Albada 1980). HII region metallicities for NGC 4258 are available from Z94 and Bresolin (2011a, hereafter B11), but there are several complications. The first is the paucity of HII regions and the resulting uncertainties in any estimate of the linear trend. In our quantitative results, we address this issue using the approach of G11. Given a set of HII regions, we fit a linear trend directly to the abundances and use that gradient for the fits in Equation 8. We include the uncertainties in the gradient by bootstrap resampling over the HII regions (as well as the Cepheids) and refitting the linear trend of the bootstrap-resampled data. This method naturally includes all the statistical uncertainties associated with the metallicity and its slope. Figure 3 . B and V band LBT and M06 lightcurves for the two Cepheids with the largest mean magnitude differences (Cepheids 31, top, and 39, middle) and the smallest difference (Cepheid 40, bottom). The LBT data, with errors, and fitted Pejcha & Kochanek (2012) templates are in black, while the HST calibration points are the red triangles. The M06 data are the larger blue circles.
We also allow the LMC metallicity to vary by a Gaussian deviate of 0.08 when we do the bootstrap resampling (see G11).
The second problem is the systematic question of which metallicity scale to use. Metallicity gradients can only be compared using samples with the same absolute calibrations. Most HII region metallicity estimates are based on "strong line" estimates, which have significant uncertainties in their absolute calibrations. In NGC 4258, there are only 4 HII regions with "direct" measurements using detections of the faint [OIII]λ4363 auroral line. The original Z94 (strong line) oxygen abundance gradient is Zi = 12 + log(O/H) = 9.17 − 0.49ρi/ρ0,
while B11 found a significantly shallower gradient (after converting to our standard ρ0 = 7. 92 isophotal radius) of 
When we change between these calibration scales, we must also be sure that the reference metallicity for the LMC is on the same scale. The traditional value of ZLMC = 8.5 is essentially a strong line estimate and should not be used with the auroral line calibrated metallicities. Essentially, the auroral line measurements provide well-constrained estimates of the electron temperatures, so a comparable measurement for the LMC is the estimate of ZLMC = 8.25 from detailed models of the 30 Doradus region by Pellegrini et al. (2011) .
Combining all these issues, we will consider three different metallicity models, combined with the bootstrap resampling methods given above. First, in the Z94-1 model, we simply combine the original Z94 data with ZLMC = 8.5 (so as to better compare our results with M06). Second, in the Z94-2 model, we transform the B11 HII region data to the Z94 system and use the combined set of HII regions, again with ZLMC = 8.5. Finally, in the B11-e model, we transform the Z94 HII region data to the auroral B11 system and use ZLMC = 8.25. After bootstrap re-sampling the HII regions, we found gradients consistent with those presented in B11, with Zi = (9.06±0.03)−(0.30±0.05)ρi/ρo in the Z94-2 system and Zi = (8.51±0.02)−(0.19±0.04)ρi/ρo in the B11-e system.
RESULTS
We start with the "standard" model, in which we fit individual Cepheid extinctions. Then, in §5.1, we allow the extinction law to vary, and in §5.2 we examine the role of metallicity. Figure 4 displays the extinction-corrected mean magnitudes and the bestfit PL relations, adjusted to the appropriate distance modulus. We found ∆µLMC = 10.72 ± 0.04 mag, after rescaling the uncertainties by a factor of 1.84 to make χ 2 /dof = 1. After correcting for extinction and examining the residuals of the Cepheid mean magnitudes from the fit, we found three Cepheids significantly offset from the F160W PL relation. Based on their measurement uncertainties, Cepheids 5, 32, and 38 are 3.8σ, 7.7σ, and 7.9σ outliers from the F160W PL relation, respectively, and all are over 1.5 mag fainter than the F160W PL relation. The outliers are displayed as open circles in Figure 4 . If we clip these Cepheids from the sample and refit the data, we find ∆µLMC =10.71 ± 0.03, and we only need to rescale the uncertainties by a factor of 1.44. Using this smaller rescaling factor, we fix the uncertainties on the remaining Cepheids and exclude Cepheids 5, 32 and 38 from the rest of the study, bringing our final LBT sample to 40 Cepheids. Bootstrap resampling these 40 Cepheids yields ∆µLMC =10.71 ± 0.04.
The best fit combines the OGLE II BV I PL relations with the Persson et al. (2004) F160W interpolated PL relation. Table  5 summarizes the effects of different combinations of PL relations on the distance modulus. We found that the distance modulus is relatively insensitive to the choice of PL relations. The only exception is using the Ngeow et al. (2009) I band PL relation, which drives ∆µLMC down by ∼ 0.10 magnitudes. As previously mentioned, there is moderate tension in the I band PL relation determinations from the OGLE II and Ngeow et al. (2009) studies, with the differences attributed to varying treatments of extinction. Using the OGLE II BVI PL relations improves χ 2 /dof by 0.01 − 0.11. Our fit has 98 degrees of freedom, which gives σ χ 2 /dof = (2/dof ) 1/2 = 0.14, so we cannot statistically distinguish between the PL relations. We adopt PL relations that produce the global minimum value of χ 2 , corresponding to the OGLE II optical and Persson et al. (2004) interpolated F160W PL relations, which are are shown with the 1σ rms scatter of the data in Figure  4 . Since the F160W band is the HST analog of the standard near IR H band, we refer to it as the "H" band for the remainder of this section, although it is technically true that F160W is slightly offset in effective wavelength from the H band.
The LMC PL relations are nominally corrected to zero extinction, although there could be some residual contribution due to imperfect corrections. Only 2 NGC 4258 Cepheids had a reddening lower than the foreground Galactic reddening of E(B − V ) = 0.016, estimated from the Schlegel et al. (1998) dust map. Cepheid 9 had E(B − V ) = 0.01 ± 0.01, and Cepheid 41 had E(B − V ) = −0.03 ± 0.02 mag. While a negative reddening is unphysical, these values could be explained by photometric errors rather than systematic effects (e.g., a blended blue star).
It is instructive to compare our fitting procedure to a simpler model which employs a single mean extinction applied to all Cepheids (as well as the common distance modulus). Figure  5 shows the residuals of this fit, which are highly correlated in the direction of the reddening vector, as expected for differential extinction. The formal covariances are 
Note, however, that the extinction corrections have done little to reduce the variance of the H band residuals. The remaining correlations represent the components of all systematic effects that cannot be modeled as extinction. There is no simple, intuitive means of interpreting these residuals since they may be due to multiple systematic effects, each with a component degenerate with extinction. G11 approached this problem by projecting their residuals onto a vector E2 orthogonal to the reddening vector RF and distance vector µ = (1, 1, 1, 1) . In this reduced error space, they found a color dependence of the PL relations, which was also correlated with galactocentric radius, and was therefore interpreted as a metallicity effect. However, with 4 band photometry, this method would require 2 orthogonal vectors, which has no intuitive physical interpretation. Instead, we perform a principle component analysis (PCA) on the residuals, and find eigenvalues of 0.092, 0.016, 0.005, and 0.001. This implies that there is a single, preferred direction of the residuals, which, expressed in the basis of our filters, lies in the direction of p1 = (−0.12, −0.03, 0.24, 0.96). The largest part of this component is a consequence of the H band residuals, which is problematic because of our incomplete photometric coverage. While the correlations between the H band and the other filters only make use of the 21 Cepheids for which we have 4-band data, the aggregate covariance matrix includes all 40 Cepheids in BV I. Thus, the structure of p1 is extremely sensitive to the residuals from the sub-sample of 21 Cepheids with 4 band photometry, and projections of the residuals onto p1 are not strictly defined for the 19 Cepheids without H band measurements. As an alternative to using incomplete 4-band photometry, we estimated p1 by refitting the BV I data alone and calculating the covariance matrix from nearly complete 3-band photometry (only 2 Cepheids are missing B band measurements). In this alternative fit, we find that µ = 10.72 ± 0.03 mag, in agreement with our previous estimate (χ 2 /dof = 0.86), and the covariance matrix becomes 
These covariances are in good agreement with those in equation 17, and the eigenvalues of this matrix are 0.021, 0.007, and 0.001, again implying a single dominant direction of the residuals. However, the direction of this principal component is pBV I = (0.75, −0.01, −0.66), substantially different from the hyperplane defined by the BV I components of p1. Despite this change, pBV I does share some of the characteristics of p1, particularly a small V component and a noticeable anti-correlation between B and I. The result of ∆µLMC =10.71±0.03 using the LBT Cepheids and individual extinctions is in excellent agreement with the distance determined by M06 from the inner field Cepheids of 10.71 ± 0.04stat ± 0.05sys, but is in tension with the outer field distance of 10.87 ± 0.05stat ± 0.05sys. These distances were derived by averaging the reddening-free distance modulus of each Cepheid in the relevant field, and M06 attributed the difference between the fields to their different locations, and hence metallicities. The LBT Cepheids provide a means of testing the relation between inferred distance and galactocentric position, since they are drawn from a wide range of azimuthal angles and radial distances. The LBT Cepheids run from 0.22-1.54ρ0, a much larger radius than the location of the outer field (centered at 1.02ρ0). First, we searched for trends in the PL residuals as a function of galactocentric radius, and the results are shown in Figure 7 , while Table 6 summarizes the results of performing linear least squares fits to the residuals as a function of radius. There is a slight negative slope in the B band residuals, and a slight positive slope in the I band residuals. This suggests that the Cepheid spectral energy distributions (SEDs) are shifting towards the blue with increasing galactocentric radius. G11 found a similar result in M81, and they note that this could be due to less line-blanketing in metal-poor Cepheids near the galaxy's periphery. In order to check for any impact on the distance modulus, we tried binning the LBT Cepheids in radius, and fit all Cepheids with 0.22 ≤ ρi < 0.60, 0.60 ≤ ρi < 1.00, and 1.00 ≤ ρi < 1.54 separately. We found ∆µLMC =10.72 ± 0.05 in the first bin (10 Cepheids), ∆µLMC =10.63 ± 0.05 in the second bin (15 Cepheids), and ∆µLMC =10.77±0.04 in the third bin (15 Cepheids). The dependence of the distance modulus on galactocentric radius is therefore unclear at this stage, and we return to this issue in §5.2.
Next, we fit the combined sample of LBT and M06 Cepheids, using the LBT results for the Cepheids in common. We used the final sample of 89 Cepheids used by M06, giving us a total of 122 Cepheids (seven Cepheids were matched between samples). We first fit the M06 Cepheids separately, so as to estimate the intrinsic scatter of this data about the PL relations, and found a rescaling factor of 4.42 based on χ 2 /dof for this fit. After rescaling the M06 uncertainties (the LBT Cepheids have already been rescaled based on the initial fit), we found ∆µLMC =10.73 ± 0.01 mag, and χ 2 /dof =1.00. Bootstrapping the full Cepheid sample yields ∆µLMC =10.74 ± 0.02. These values are in good agreement with those determined from the LBT Cepheids alone and the covariance matrix of this fit has a slightly different structure, 
Figure 7 also shows the residuals of the M06 data from the PL relations as a function of galactocentric radius. Using the combined data set, we find trends in the B and I bands consistent with those found with the LBT Cepheids alone but at a higher level of significance. In addition, if we exclude H band data of the LBT Cepheids and recalculate the covariance matrix, we find The vector defining the principal component is pBV I = (0.80, 0.04, −0.60), which is remarkably similar to the direction derived from the BV I measurements of the LBT Cepheids alone. We return to the interpretation p1 and pBV I in §5.2.
Model 2 -varying the extinction law
Next, we refit the LBT Cepheids alone while allowing the extinction law to vary, and Figure 8 displays the best fit value of RV and ∆µLMC , along with contours of the χ 2 surface. We find that the best fit parameters are RV = 4.9 +0.9 −0.7 , with ∆µLMC =10.60 ± 0.03. This value of RV improved the fit by ∆χ 2 = 9.60. Bootstrap resampling the Cepheids yields RV = 4.8 ± 1.7 and ∆µLMC =10.60 ± 0.04. As we would expect from the modest reduction in χ 2 , we do not see a significant decrease in the strength of correlations between residuals in different bands: 
Varying RV corresponds to fitting residuals in the direction ∂ RF /∂RV = (−0.05, 0.00, 0.03, 0.04)(RV /3.1) −2 , and, as we see in Figure 6 , this vector is not aligned with the residuals. Quantitatively, the dot product of the direction associated p1 and the derivative of the extinction law with respect to RV is only 8%, and so we would not expect changes in the extinction law to absorb very much of the principal component. If we include the M06 Cepheids, we find ∆µLMC = 10.60 ± 0.02 with RV = 4.7 +0.5 −0.4 and χ 2 /dof = 0.91. For the Cardelli et al. (1989) extinction law and RV =4.9 +0.9 −0.7 , the reddening vector is (5.91, 4.90, 3.26, 1.16) in B, V , I and F160W, respectively. If RV were instead assumed to be 3.1, the extinctions in the I and F160W bands would be underestimated by 56% and 55%, respectively. While the magnitude of extinction in the near-IR is still several times smaller than in the optical, the grayer extinction law changes the distance modulus by 0.11 mag, which corresponds to a 5% change in the distance.
Since RV is a parameterization of the extinction law, it would be dangerous to interpret it as an indication of the physical proper- ties of the dust in NGC 4258. Instead, variations in the extinction law suggest that the Cepheid data prefer some kind of of color correction. This could be due to a number of factors, for example, systematic photometric errors in a single pass-band, or mistakes in the adopted PL relations. In fact, multiple systematic effects, including true variations in the extinction law, may be operating simultaneously. Given the extremely gray extinction law implied by RV = 4.9, it seems probable that at least one other systematic effect is at work in our sample's colors. However we have insufficient 4-band photometry to precisely quantify it. We pursue the question of peculiar Cepheid colors further in §5.2.
Model 3 -metallicity effects
In general, metallicity corrections may affect both the mean magnitudes and the colors of the Cepheids. This means that we must allow the distance modulus as well as the mean magnitudes in each filter to vary based on the Cepheid metallicities, which can be accomplished by setting
where µ = (1, 1, 1, 1) corresponds to metallicity corrections that change the distance but not the color, and c is a vector quantifying the magnitude of the metallicity correction in each pass band. Most Cepheid studies have only examined the effects of γ1 and simply assume that γ2 ≡ 0. So as to compare our results with these studies, we first set γ2 ≡ 0 and solve for γ1. In subsequent models, we solve for both parameters. However, c is not known a priori, and some component of this vector is probably degenerate with extinction. We know that our residuals are dominated by a single principal component, either p1 or pBV I , and we will therefore experiment with models where c = p1 and pBV I .
For the LBT Cepheids alone, Table 7 shows the results of incorporating γ1 with γ2 ≡ 0 and testing models with RV equal to both 3.1 and 4.9. For simplicity, we only discuss the results for RV = 3.1, although the results for RV = 4.9 can be found in Table  7 . The inferred values of ∆µLMC are 10.75 ± 0.05, 10.81 ± 0.11, and 10.75 ± 0.05 in the Z94-1, Z94-2, and B11-e models, respectively. The distance modulus increases with the metallicity difference between NGC 4258 and the LMC, and the effect is primarily visible when using the Z94-2 gradient (∆µLMC =10.81 ± 0.11 mag). Compared to the Z94-1 model, the shallower gradient gives NGC 4258 a higher mean metallicity compared to the LMC, and our model forces the distance modulus to absorb this effect. The shallower gradient also drives correlations between γ1 and ∆µLMC , which results in a flatter slope around the minimum value of χ 2 and a larger uncertainty on ∆µLMC . In the B11-e model, the difference between the metallicity zeropoints is smaller than in Z94-2, which balances the effects of the shallower gradient. The parameter uncertainties based on rescaled ∆χ 2 statistics continue to agree well with the bootstrap models, as can be seen in Table 7 . Figure 9 shows the distribution of ∆µLMC and γ1 obtained from our bootstrap estimates. We find that γ1= −0.18 ± 0.19, −0.32 ± 0.34, and −0.50 ± 0.53 mag/dex in the Z94-1, Z94-2, and B11-e models, respectively. A shallower metallicity gradient implies a larger value of γ1, since larger values of γ1 can be used to compensate for a smaller range of Cepheid metallicities. However, adding this metallicity term does not significantly reduce or change the covariance matrix of the residuals, since γ1 is a correction applied in the direction (1, 1, 1, 1) , which cannot absorb any part of p1 or pBV I .
Fitting the LBT Cepheids alone and using the same metallicity gradient and extinction law as M06, we find a smaller metallicity dependence of −0.18 ± 0.19, compared to their reported value of −0.29 ± 0.09stat ± 0.05sys. If we instead fit the combined LBT+M06 Cepheid sample, we find that γ1 =−0.24 ± 0.08 with ∆µLMC =10.81 ± 0.03, and χ 2 /dof =0.97, in good agreement with the original findings of M06. We find ∆µLMC =10.89±0.06 and γ1 =−0.42 ± 0.14 for the Z94-2 model (∆µ =10.97 ± 0.09, γ1 =−0.60 ± 0.21 with bootstrap resampling), and in the B11-e model, we find ∆µLMC =10.81 ± 0.03 and γ1 =−0.65 ± 0.22 (∆µLMC =10.87±0.09, γ1 =−0.95±0.35 with bootstrap resampling). The differences in the results between the rescaled χ 2 /dof method and bootstrap resampling method may be due to outliers in the M06 data set. If we employ a 5-σ iterative clipping routine, we reject 19 M06 Cepheids, and find for the combined data set that ∆µLMC = 10.89 ± 0.06 and γ1 = −0.42 ± 0.14 in the Z94-2 model, with bootstrap resampling yielding ∆µLMC = 10.90 ± 0.08 and γ1 = −0.49 ± 0.17. In the B11-e model, we find ∆µLMC = 10.81±0.03 and γ1 = −0.65±0.22 with the trimmed sample, while bootstrapping yields ∆µLMC = 10.81 ± 0.08 and γ1 = −0.77 ± 0.29. These values and their uncertainties are in much better agreement, although using the full set of 122 Cepheids still yields consistent results. We therefore retain the full set of M06 Cepheids for all of our models. Table 6 for results of the linear regression. combined fit pulls the distance modulus ∼ 0.15 mag higher and shrinks the uncertainties on γ1 such that γ1 = 0 is statistically ruled out. As can be seen in Figure 7 , this is due to trends in the residuals from the PL relations with galactocentric radius that become more robust with the full sample. Table 8 shows the results of fitting for γ2 with c = p1, and Figure 10 shows the bootstrapping distributions of γ1 and γ2. The LBT Cepheids alone do little to constrain either γ1 or γ2. However, we find that the combined LBT+M06 fit rules out γ1 = γ2 = 0 at 99% confidence, due to the shape of the error ellipse. In the Z94-1, Z94-2, and B11-e models, respectively, we find that γ1 = −0.00 ± 0.15, −0.19 ± 0.18, and 0.01 ± 0.44 mag/dex, while γ2 =−0.43 ± 0.24, −0.44 ± 0.22, and −1.21 ± 0.69 mag/dex. This is a 1.8-2σ detection of Cepheid color shifts with metallicity, and incorporating γ2 obviates the need for a direct correction of the distance modulus. Because of the way in which p1 is defined, this correction implies that an increasing Cepheid metallicity results in a fainter BV magnitude and brighter I/F160W magnitude. However, we also note that the magnitude of the correction increases towards the near IR, contrary to theoretical predictions. In addition, the correction to the F160W band mean magnitudes is four times larger than in any other band, which is a result of our poor photometric coverage at this wavelength and the problematic definition of p1. Interestingly, changing the extinction law to RV = 4.9 (and thereby changing the Cepheid colors) makes γ2 consistent with 0, while γ1 becomes significant at the 2.3-3.1σ level. This implies that there must be a metallicity correction to the Cepheid mean magnitudes, even if it is degenerate with some systematic color correction required by the data. Figure 10 also shows the results of imposing a prior on ∆µLMC , based on the maser distance to NGC 4258 (Humphreys et al. 2013 , µN4258 = 29.40 ± 0.06) and the eclipsing binary distance to the LMC (Pietrzyński et al. 2013 , µLMC = 18.49 ± 0.05). Our prior takes the form of a gaussian probability distribution with mean 10.91 mag and width 0.08 mag, derived from adding the uncertainties of the independent distance estimates in quadrature. The results from the previous models are only discrepant with this value by about 2σ, and so the prior does little to constrain the data. The best fit parameters, estimated from bootstrap resampling, can be found in Table 10 . We find that there is a slight effect on the LBT Cepheid sample, which increases the distance modulus by ∼ 0.05 mag and slightly narrows the error ellipse for γ1 and γ2. The prior also shifts the values of γ1 and γ2 in a way that is consistent with the values inferred from the combined LBT+M06 sample, although Figure 8 . Contours of ∆χ 2 as a function of ∆µ LM C and R V , using the LBT Cepheids only (N=40). The solid curves are the two-parameter 1, 2, and 3σ confidence intervals. The dashed curves are the same but for one parameter. The solid lines mark the standard value of R V = 3.1 and the corresponding distance modulus. The red point is the median of the bootstrap resampling distribution. the model still does not result in a significant detection of either parameter. The prior has no effect on the results of the combined sample, since they are already consistent with the value of 10.91±0.08 mag.
After inspecting the covariance matrix for this fit, we found that this model does little to reduce the covariances between different bands. Essentially, this is because the residuals from model 1, projected onto the principle component p1, do not correlate very strongly with galactocentric radius, as shown in Figure 11 . As noted in §5, p1 is only defined for 21 Cepheids, and most of the information in the data come from the BV I filters. In Figure 11 we also show the residuals projected onto pBV I as a function of galactocentric radius for both the LBT and M06 Cepheids. After performing a linear least-squares fit, we again see a more significant slope, changing from −0.05 ± 0.05 using the LBT Cepheids alone to −0.05 ± 0.03 when using all 122 Cepheids, consistent with the trends in Figure 7 . Table 9 shows fits for γ1 and γ2 with c = pBV I , and Figure 12 shows the bootstrap resampling distribution. At this stage, we only discuss the combined LBT+M06 sample, and we find that γ1 =−0.60 ± 0.32, −0.83 ± 0.34, and −1.67 ± 0.90 mag/dex, with γ2 =−0.20 ± 0.18, −0.22 ± 0.18, and −1.21 ± 0.69 mag/dex, in the Z94-1, Z94-2, and B11-e models, respectively (∆µLMC =10.83 ± 0.03, 10.91 ± 0.06, and 10.83 ± 0.03 mag for these fits). While fits with 3-band photometry call for some adjustment to the distance modulus with metallicity, they are unable to tightly constrain any color effects.
In Figure 12 we also show the results of imposing a prior on ∆µLMC , and we find shifts in γ1 and γ2 using the LBT data alone that move these parameters closer to the the values obtained by fitting the larger sample. Furthermore, the LBT Cepheid sample in the Z94-2 metallicity model produces a metallicity effect of γ1 = −0.99±0.52, detected at the 1.9σ level (γ2 = −0.31±0.18), but all other results are still consistent with γ1 = γ2 = 0. The prior again has no effect on the combined Cepheid sample, since the results from these models are already consistent within the uncertainties.
DISCUSSION AND CONCLUSIONS

Metallicity dependence of the PL relations
Our sample of 40 LBT Cepheids does not provide substantial evidence for a metallicity-dependent adjustment to the distance modulus of NGC 4258. The basic cause is the lack of any strong cor- relations of the residuals from the PL relations with galactocentric radius, used as a proxy for metallicity. This is exacerbated by the high inclination of NGC 4258's disk (∼ 72 • ) and the shallow metallicity gradient (Bono et al. 2008 , Bresolin 2011 . However, if we combine our sample with the Cepheids found by M06, we find a statistically significant metallicity dependence of the mean magnitudes, at a value consistent with their estimate.
While the detection of the metallicity dependence using the combined data set is a robust feature of all the adopted metallicity scales, systematic uncertainties in the metallicity scales themselves limit the physical interpretation of this effect. We find mean magnitude corrections ranging from γ1 =−0.24 ± 0.08 to −1.4 ± 0.45 mag/dex, depending on the metallicity system used to estimate the Cepheid compositions. Regardless of assumptions about how well the oxygen abundance gradient tracks the physical metallicity of the Cepheids, the broad range of parameter estimates for γ1 illustrates the uncertainty in the absolute effect that metallicity has on the PL relations, and perhaps accounts for the wide range of values found in the literature. Because the metallicity system used by Z94 is very prevalent, we report a final metallicity correction of γ1 =−0.60 ± 0.21 mag/dex, inferred from our bootstrap resampling of the HII regions and Cepheids in NGC 4258 using the Z94-2 model. This value takes appropriate measure of the uncertainties in both the metallicity gradient of NGC 4258 and the Cepheid mean magnitudes, is readily comparable with other studies, and is easily translatable into other metallicity systems. However, we note that there may be reasons to believe that other metallicity scales (e.g., the empirical electron temperature scale of B11) may be a more physical estimate of this effect.
There is a strong indication that both the LBT sample and the combined LBT+M06 sample prefer some adjustment to the Cepheid colors. This is evidenced by a decrease in χ 2 when using a grayer extinction law (RV =4.9), as well as the appearance of a single principle component in the residuals of our initial fitting procedure (fits for individual extinctions only). However, we are unable to measure this component so as to uniquely determine its cause. Because of correlations between galactocentric radius and residuals from the B and I band PL relations (see Figure 7) , part of this effect can be treated as a metallicity correction. However, our limited near-IR photometric coverage means that there is considerable uncertainty as to the magnitude of this effect in the F160W band, and we do not detect the metallicity-color correction using 3 Figure 10 . Distributions of γ 1 and γ 2 obtained from bootstrap resampling. The left panel uses only the LBT Cepheids and the right panel shows the combined LBT+M06 sample (N=122). The black lines are for the Z94-2 metallicity system, while the red contours are for the B11-e system. The vertical blue lines mark the value of γ 1 found by M06. The solid contours are the 68% and 95% limits for two parameters, while the dashed contours are the limits obtained by imposing a prior on ∆µ LM C , based on the Pietrzyński et al. (2013) eclipsing binary distance for the LMC and the maser distance of NGC 4258 from Humphreys et al. (2013). band BVI photometry alone. On the other hand, a grayer extinction law removes the need for metallicity-dependent color corrections (although corrections to the distance modulus are still found), but the very large value of RV = 4.9 suggests that this adjustment may be due to some other systematic effect beyond variations in the extinction law. For example, the adopted PL relations directly determine the expected Cepheid colors, so any errors in their determination (for example, due to interpolation or de-extinction procedures) could mimic variations in the extinction law. In order to disentangle these systematic effects, it appears that a larger sample with complete 4 band photometry is needed.
While this study has been predominately concerned with the effects of the extinction law and metallicity on Cepheid colors, other systematic effects exist that are expected to contribute to the problem. These include the difficulties of obtaining precise photometry of Cepheids in crowded fields, and, more importantly, the unknown systematic effects of blending due to stars physically associated with the Cepheids. To combat these issues, future studies will require a more thorough characterization of the Cepheid SEDs, with high quality data in many pass bands.
Calibration of the Cepheid PL relations
Calibrating the Cepheid PL relation is equivalent to determining an absolute distance to the LMC. This can be accomplished by means of the Humphreys et al. (2013) geometric maser distance to NGC 4258. Taking µN4258 = 29.40 ± 0.06 magnitudes (7.6 ± 0.23 Mpc), we calculate µLMC for each fit in Tables 7,  8 , and 9. Figure 13 shows an alternative means of visualizing the data, by displaying the probability density functions (PDFs) for all estimates of ∆µLMC . The PDFs are taken to be univariate gaussians, except for the bootstrapping estimates for which we show the (normalized) posterior distributions. The vertical black line and shaded gray region mark ∆µLMC = 10.91 ± 0.08 mag, determined from µN4258 = 29.40 ± 0.06 (Humphreys et al. 2013 ) and µLMC = 18.49 ± 0.05 (Pietrzyński et al. 2013) , with the uncertainties added in quadrature.
Although there are small differences in χ 2 for each fit, we have no strong evidence in favor of any of the particular models that we tried. However, we also note that including a metallicity correction tends to shift the Cepheid distance towards the value inferred by independent determinations, in some cases to within 0.01-0.02 mag (0.2-0.3σ). A conservative way to combine all of the results is to simply combine all the models with equal weight. Thus, if Pi(∆µLMC ) is the probability distribution for model i, we define the joint PDF as ( Pi)/N . This gives a particularly simple form for the mean and variance of the joint probability distribution
and
where ∆μLMC is the average of the means of the individual PDFs, and its variance is the quadrature sum of the rms scatter and the arithmetic mean of the intrinsic widths. We can interpret
as an estimate of our statistical error, and
as an estimate of our systematic uncertainties. We include all PDFs shown in Figure 13 , but separate the PDFs derived from the LBT Cepheids only and the combined LBT+M06 sample. If we use only the LBT Cepheid PDFs, we find ∆μLMC =10.70 ± 0.08stat ± 0.06sys, while for the combined LBT+M06 PDFs we find ∆μLMC =10.83±0.08stat ±0.09sys. These values translate into LMC distances of 18.70 ± 0.12 and 18.57 ± 0.14. We choose to adopt the value from the combined LBT+M06 sample, which corresponds to an LMC distance of 51.82 ± 3.23 kpc (6% uncertainty). The smaller value of µLMC is driven by the stronger metallicity dependence found for the combined data. While it is trivial to derive the absolute PL relations from this distance, we provide a calibration in Table 11 for completeness. The uncertainty is dominated by the error on µLMC , yielding calibrations accurate to 13% in luminosity. 
Summary
We have identified 81 Cepheids in the maser-host Galaxy NGC 4258 using data collected over 5 years from the LBT. Using image subtraction and empirical lightcurve templates, we were able to accurately phase the Cepheids, and we efficiently calibrated the Cepheid mean magnitudes using HST. Our final sample consists of 40 Cepheids, limited by the available HST data, with photometry in (up to) four different pass bands. Our sample was fit to PL relations determined from LMC Cepheids, using several models that explored uncertainty in PL relations, the effects of extinction, the form of the extinction law, and metallicity on the determined distance modulus. Our key results are as follows:
(i) While the LBT data set does not support a statistically significant metallicity dependence, combining the LBT Cepheids with those from M06 yields a robust detection. The possible values of the observed effect are largely compatible with previously determined values from the literature, but uncertainties in the underlying metallicity scale make interpretation of the absolute effect difficult. We report a final value of γ1 =−0.60 ± 0.21 mag/dex, which uses the prevalent metallicity system of Zaritsky et al. (1994) and takes appropriate account of uncertainties in both the Cepheid mean magnitudes and the metallicity gradient of NGC 4258.
(ii) There is evidence for color corrections to the PL relations, which are consistent with either a grayer extinction law in NGC 4258 compared to the Milky way (RV =4.9 +0.9 −0.7 ), or a metallicitydependent correction to the Cepheid mean magnitudes. While both effects are of physical interest, we lack sufficient 4 band photometric data to disentangle these possibilities from other systematic effects.
(iii) Despite the degeneracy of the color corrections with a metallicity term, the data rule out the possibility that there is no metallicity correction at 99% confidence, as seen in the righthand panel of Figure 10 . Furthermore, incorporating a metallicity adjustment to the PL relations helps to reconcile our Cepheid distance with independent distances to the LMC and NGC 4258.
(iv) We report a final distance modulus between NGC 4258 and the LMC of 10.83 ± 0.08stat ± 0.09sys mag. Coupled with the maser distance from Humphreys et al. (2013) , this implies that Figure 13 . Probability distribution functions for ∆µ LM C from all models. The vertical black line marks the value of ∆µ LM C = 10.91 ± 0.08, based on the Pietrzyński et al. (2013) eclipsing binary distance for the LMC and maser distance of NGC 4258 (Humphreys et al. (2013) ). The shaded gray region marks the 1σ uncertainty associated with this value. the LMC has a distance modulus of µLMC = 18.57 ± 0.14 mag (51.82 ± 3.23 kpc).
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